ABSTRACT. Translocation of minerals from substrate to mushrooms can change the medicinal characteristics, commercial value, and biological efficiency of mushroom. In the present study, we demonstrated that addition of iron to the substrate reduces the yield of Pleurotus ostreatus mushroom. The biological efficiency of the mushroom varied from 36.53% on the unsupplemented substrate to 2.08% for the substrate with 500 mg/kg iron added. The maximum iron concentration obtained for mushroom was 478.66 mg/kg (dry basis) and the maximum solubility in vitro was 293.70 mg/kg (dry basis). Iron translocation increased the ash and protein content, reduced antioxidant activity, and enhanced the aroma and flavor characteristics of the mushroom. However mushroom has higher amounts of iron than vegetables like collard greens, it is not feasible to use mushrooms as the only dietary source of iron. The study also indicated that because of more bioaccumulation of iron in mycelium than in the mushroom, mycelium and not mushroom, could be a better alternative as a non-animal iron source.
INTRODUCTION
Several food products with specific bioactive ingredients, for prevention and management of diet-related chronic diseases, have emerged (Stratton et al., 2015) . These include functional foods like mushrooms that improve the biological function of the human body. Pleurotus ostreatus (Jacq. ex Fr.) P. Kumm. is a mushroom, known for its antimicrobial, antiviral, immune-modulatory, antitumor, anti-inflammatory, anti-cholesterolemic, antioxidant, and hemagglutinating activities (Cohen et al., 2002) .
China is the biggest mushroom producer, consumer, and exporter in the world, with a production of over 20 million tons in 2010. P. ostreatus is the most cultivated mushroom in China, where almost five million tons were produced in 2010 (Li, 2012) .This basidiomycete produces several agro-industrial residues (Reddy et al., 2003) . It has an efficient enzymatic system that includes peroxidases and oxidases, which act on decomposition of lignocellulosic materials (Sánchez et al., 2002) . Few studies have been conducted with mineral-enriched mushrooms, to improve the medicinal characteristics, commercial value, and biological efficiency (BE) of mushrooms. de obtained lithium-enriched P. ostreatus without changes in the BE. However, for Ganoderma lucidum (Curtis) P. Karst, the addition of 50 and 100 mg/kg of Cu to the substrate increased mushroom productivity (Matute et al., 2011) .
Iron deficiency is reportedly the most prevalent nutritional deficiency worldwide, affecting more than two billion people, most of them young children and women of reproductive age living in developing countries (WHO, 2001) . Iron has been less exploited for mushroom production (Vieira et al., 2013) . There is only one report of bioaccumulated iron in mycelium (Almeida et al., 2015) and another in which just 0.8 mg/kg iron added to the substrate produced mushrooms without any increase in the iron concentration (Vieiraet al., 2013) . Iron-enrichment of P. ostreatus could supplement the therapeutic actions of mushroom (Cohen et al., 2002) with iron availability, providing a specific functional food particularly beneficial to those dependent on diets lacking foods of animal origin that are poor in heme iron concentration. Animal iron sources are mainly heminic (Fe 2+ ), with 25% of such iron being absorbed in the human intestine, whereas the non-animal iron sources are non-heminic (Fe 3+ ) and only 5% of this form of iron gets absorbed (Schümann et al., 2007) . Iron, although essential for health and normal growth, is toxic. Ferrous iron, in particular, is a strong pro-oxidant (Gutteridge and Halliwell, 1989) . Vieira et al. (2013) reported a reduction in the antioxidant activity of P. ostreatus enriched with iron. Thus, the evaluation of the antioxidant activity becomes fundamental to establish the real impact of iron enrichment in mushrooms. Despite the potential use of iron-enriched P. ostreatus, there are no reports on the productivity, chemical and sensorial characteristics, and iron bioavailability in mushrooms. Therefore, the objective of the present research was to study iron supplementation to the culture media for assessing the production of iron-enriched P. ostreatus and to determine the in vitro iron bioavailability, antioxidant activity, total phenolic compounds, and the sensorial characteristics, with an aim to develop functional foods for iron complementation in diets.
MATERIAL AND METHODS

Mycelium culture
P. ostreatus U2-9, obtained from the Culture Collection of the Laboratory of Molecular Biology at Universidade Paranaense, Umuarama, Brazil, was grown in dark at 27 ± 1°C on 39 g/L potato dextrose agar (PDA) autoclaved at 121°C for 20 min. The mycelium with homogeneous growth and without sectioning was selected as inoculum. The strain was deposited in the Culture Collection of Filamentous Fungi, registered in the World Data Centre for Microorganisms (collection No. 720).
Mycelial growth curve
The substrate used for mycelial growth consisted of sugarcane bagasse (Saccharum officinarum L.) from the industrial production of ethanol and soybean fiber [Glycine max (L.) Merr.] and was donated from Solae Company, Esteio, RS, Brazil. The substrate was analyzed, in triplicate, for moisture content at 105°C, total nitrogen content by Kjeldahl's method, and ash content at 550°C (Pregnolatto and Pregnolatto, 1985) . Carbon/nitrogen ratios were calculated according to the method of Gerrits (1988) , considering the carbon content as 50% of the organic matter (total dry mass minus ash content multiplied by 0.5). Subsequently, a substrate formulation was prepared with the carbon/nitrogen ratio of 30 (proportion of 20 g sugarcane bagasse to 8.16 g soybean fiber), which was ideal for the cultivation of P. ostreatus (Wu et al., 2004) . A solution of FeSO 4 (50,000 mg/L) was added to the mixture, to obtain final iron concentrations 0, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1250, 1500, 1750, 2000, 3000, 4000, and 5000 mg/kg (wet basis) and the final moisture was adjusted to 77%. The substrate was transferred to borosilicate tubes (300 x 30 mm) and autoclaved at 121°C for 90 min. After cooling, the substrates were inoculated with PDA disks (30 mm diameter), making sure that the mycelium was in contact with the substrate. Tube ends were closed with cotton caps. Mycelia growth occurred at 25°C with 80% moisture, in dark for 21 days. The longitudinal mycelial growth was measured at four equidistant points on the tube. All treatments were performed in decaplicates. Substrates in which the iron concentration did not inhibit the mycelial growth were selected for mushroom production.
Mushroom production
Wheat grains (Triticum aestivum) were used to prepare the inoculum. They were washed and submersed in water and kept at 90°C for 40 min. Thereafter the excess of water was removed, the grains were transferred to polypropylene bags with bacteriological filter (15 x 50 cm) and autoclaved at 121°C for 60 min. After cooling, they were inoculated with six disks of PDA containing mycelium. The growth occurred for 21 days in the dark at 28 ± 1°C.
For mushroom production, a substrate formulation of sugarcane bagasse and soybean fiber with carbon/nitrogen ratio 30 was used. FeSO 4 (20,000 mg/L) was added to this mixture, to obtain different iron concentrations. Final substrate moisture was adjusted to 77% and the mixture was transferred to polypropylene bags with bacteriological filter (30 x 45 x 10 cm) utilizing twothird of the bag volume (approximately 9000 cm 3 ). The substrate in the bag was compressed to obtain a density of about 0.5 kg/L and was autoclaved at 121°C for 180 min. After cooling, it was inoculated with 1% (wet basis) of wheat grains colonized by the fungus. The growth occurred for 21 days in the dark at 28 ± 1°C.
After complete substrate colonization, the chamber temperature was reduced from 28 ± 1°C to 19 ± 1°C. After five days, the temperature was restored to 28 ± 1°C and maintained throughout the production; the relative humidity was kept at 80% and the place ventilated. The bags were perforated to expose 1% of the total bag surface for induction of fructification. The mushrooms that presented curvature loss in the pileus end-indicating mushroom growth interruption-were harvested three times a day (morning, afternoon, and night). The mushroom fresh mass was recorded to determine BE as in Equation 1 (Miles and Chang, 1997) .
where BE is the biological efficiency; M is the mass of fresh mushrooms; and S is the dry mass of the substrate.
The mushrooms were dried at 60°C for 48 h in air circulation and their moisture content was evaluated at 105°C until a constant mass was achieved; proteins were determined by Kjeldahl's method using 4.38 as the factor (Furlani and Godoy, 2005) ; ash content was determined after incineration at 550°C (Pregnolatto and Pregnolatto, 1985) .
Sensorial analysis
For sensorial analysis, the method described by ASTM (1996) and Meilgaard et al. (2006) was used and carried out by a team of six selected tasters whose preset sensory capacity was according to the standardized method (ISO, 1993) . The dehydrated mushrooms were added to boiling mineral water and cooked for 4 min. After 30 min at room temperature, they were sliced. The samples were presented in random order in a sequential monadic way on disposable plates, identified by random three-number digit codes. Water was used before and between each sample tasting. Three evaluation sessions were done with six samples per session. Each sensorial evaluation was made on a seven-point scale: 0 = none; 1 = detectable; 2 = very light; 3 = light; 4 = light and moderate; 5 = moderate; 6 = moderate-strong; and 7 = strong. The global intensity of aroma and flavor, and the intensity of perceptible aroma notes and flavor and their intensities were evaluated in the order in which they were perceived.
In vitro iron bioavailability
Samples (250 mg), with granulometry smaller than 354 µm, were homogenized with 15 mL ultrapure water. The pH of the homogenate was adjusted to 2 using 5 M HCl. For hydrolysis, 0.75 mL pepsin (20 g/L prepared in 0.1 M HCl) was added. The mixture was kept at 37°C at 200 rpm for 1 h. After the digestion with pepsin, the pH was adjusted to 6 using 1 M NaHCO 3 , and 3.75 mL of the digestive mixture (8.6 g/L biliary extract, 1.4 g/L pancreatine prepared with 0.1 M NaHCO 3 ) was added. The pH was adjusted again to 7 using 1 M NaOH, and finally 5 mL 120 mM NaCl and 5 mL 5 mM KCl were added. The samples were kept at 37°C at 200 rpm for 1 h. After digestion, the precipitate was separated at 1700 g for 10 min at 4°C. The precipitate and the supernatant were dried under air circulation at 60°C until a constant mass was achieved and the iron concentration was determined. For comparison of results, bioavailability was verified in conventional iron sources like collard greens (Brassica oleracea L. var. acephala DC.), beef, bovine liver, and ferrous sulfate. These materials were obtained from the local market and evaluated under the same conditions used for the mushroom samples.
Iron quantification
For iron quantification, samples previously dehydrated at 60°C were mixed with 1:12
(m/v) 1.06 M HNO 3 and kept at room temperature for 48 h. The mixture was heated at 100°C and then mixed with 1:6 (m/v) 0.88 M H 2 O 2 until complete solubilization. The final volume was adjusted to 50 mL with ultrapure water, and the iron concentration was determined by an atomic flame absorption spectrophotometer (GBC, model 932 plus, Braeside, Australia) as described by Korn et al.(2008) . A standard curve was prepared with analytical reagent-grade chemicals (Merck ® ) using ultrapure water.
Antioxidant activity
A raw extract was prepared with 1 g mushroom ground in 10 mL solvent. For hydrogen peroxide and superoxide anion measurements, water was the solvent and fordi(phenyl)-(2,4,6-trinitrophenyl)iminoazanium (DPPH) and β-carotene, methanol was the solvent. The mixtures were incubated at 60°C for 60 min and were manually agitated every 10 min (Mourão et al., 2011) . The mixture was centrifuged at 4400 g for 20 min at 4°C and the supernatant was lyophilized to determine the antioxidant activity.
The capacity to scavenge free radicals at different concentrations was determined. The free radical solutions were prepared with: 1) 40 mM H 2 O 2 in 50 mM potassium phosphate buffer, pH 7.4, for the hydrogen peroxide method (Ruch et al., 1989) ; 2) 0.3 mM nitroblue tetrazolium and 0.936 mM nicotinamide adenine dinucleotide in16 mM Tris-HCl buffer, pH 8.0, with reaction initiation using 0.12 mM phenazine methosulfate solution, for the superoxide anion method (Meyer and Isaksen, 1995) ; 3) 78 µM DPPH in methanol for the DPPH method (Blois, 1958) ; and 4) β-carotene/linoleic acid co-oxidation system (Marco, 1968) . After the reaction at different concentrations of the extract, the change in absorbance was measured at 230, 560, 515, and 560 nm, respectively, for each method. From a correlation between the free radical concentrations versus sample concentration, the extract concentration needed to reduce 50% free radicals (IC 50 ) was determined.
RESULTS
The mycelial growth in the substrate containing up to 600 mg/kg iron was similar to the control (without iron addition). When 700 to 1500 mg/kg iron was added to the substrate there was a decrease (P ≤ 0.05) in the mycelial growth, and the complete mycelial inhibition occurred after 1750 mg/kg iron addition (data not shown). Only the substrates on which the mycelial growth was observed were selected for mushroom production. Therefore, addition of 0-1500 mg/kg iron to the substrate was tested for mushroom production.
Mushroom production occurred only on the substrates with iron concentration less than 500 mg/kg. The highest BE (P ≤ 0.05) was 36.5% for the control (substrate without iron addition) and the lowest (P ≤ 0.05) was 2.1% for the substrate added with 500 mg/kg iron (Table 1) . Although the addition from 100 to 1000 mg/kg did not reduce the mycelial growth for mushroom production, the addition of only 100 or 200 mg/kg iron to the substrate reduced BE (P ≤ 0.05) by 18.8 and 47.4%, respectively, when compared to the control. The first flush occurred at 28 days (7 days after reducing the temperature) and the second was at 37 days after spawning. The mushroom production flush was not affected by iron addition to the substrate (data not shown). Addition of 100 and 500 mg/kg iron to the substrate increased its concentration in the mushroom by 2.4 and 4.4 times (P ≤ 0.05) and reduced the BE by 18.8 and 94.3%, respectively, when compared to the control (Table 1) . Although, the increase in iron concentration on the substrate resulted in a high concentration of this element in the mushroom, there was a drastic reduction (P ≤ 0.05) in mushroom production. Data obtained in our laboratory indicate that addition of iron in the concentration range of 30-60 mg/kg increased the BE of P. ostreatus up to 15%, but this was not enough to increase the iron translocation in mushroom (Linde GA and Colauto NB, unpublished data).
The amount of solubilized iron in mushrooms was between 69.86 and 293.70 mg/kg (Table  1) . For the other foods that were assessed, like collard greens, beef, and bovine liver, the solubilized iron varied between 29.38 and 65.63 mg/kg (Table 1) . Solubilized ferrous sulfate salt, which is the cheapest, most toxic, and most used iron supplement was solubilized (6966.97 mg/kg) (Table 1) . Therefore, when compared to the major iron-providing foods, P. ostreatus provides approximately 2.4-to 4.5-times more iron, and therefore, could be an excellent non-animal iron source. The iron bioavailability in mushrooms ranged from 60.78 to 65.12% with no observed differences (P ≤ 0.05) among the treatments. Thus, although the progressive iron addition to the substrate increased iron translocation in mushrooms, it did not affect (P ≤ 0.05) iron bioavailability, in vitro.
The chemical composition analysis demonstrated that the mushroom ash and protein contents increased with iron addition to the substrate. In the control, the addition 100 and 200 mg/ kg iron increased the ash content by 13.3 and 14.7% and the protein content by 10.4 and 6.6%, respectively (Table1). Iron translocation to the mushroom increased (P ≤ 0.05) the IC 50 value for all the antioxidant methods employed and reduced the polyphenol content approximately by 40% when compared to the control (Table 2) .
All the mushrooms presented characteristic aroma and taste of cooked mushroom. Higher the iron concentrations in the mushroom, greater were the aroma notes for sulfur and umami, and bitter and metallic flavors (Table 3) . It fits with the increase in protein content for the mushrooms produced in the iron-added substrate (Table1). Similarly, the enhanced metallic flavor was observed in mushrooms with higher concentrations of ashes and iron (Table 1) . Iron-enriched mushrooms might have reduced its acceptance as a food. Therefore, these factors should also be evaluated prior to large-scale production of this fungus. *Substrate naturally contains 22 mg/kg iron besides the added amounts; **Different letters on the same column indicate statistical differences among the treatments according to the Tukey test (P ≤ 0.05) using Assistat 7.7; ***IC 50 : concentration of the same sample needed to reduce 50% concentration of free radicals utilizing the methodology to scavenge free radicals of: oxygen peroxide (H 2 O 2 ), superoxide of anions (RAS), di(phenyl)-(2,4,6-trinitrophenyl) iminoazanium(DPPH) or by the system of co-oxidation of β-carotene/linoleic acid (β-CAROTENE). Table 2 . Antioxidant activity of Pleurotus ostreatus mushrooms cultivated on substrate consisting of sugarcane bagasse and soybean fiber with different iron concentrations. 
Added Fe
DISCUSSION
The decrease of BE on substrates with more than 100 mg/kg of iron addition could be associated with the toxicity of this ion. Although iron is essential to fungal metabolism, it can release free radicals through Fenton's reaction, when present in high amounts. These radicals can cause enzyme inhibition, dislocation or substitution of essential ions, and membrane rupture that affects the fungal metabolism and reproduction (Gadd, 2007; Oghenekaro et al., 2008) .
In the present study, the BE of P. ostreatus was 36.5% for the substrate without iron addition and 29.6% for the one in which 100 mg/kg iron was added. Other studies reported a 66% BE in P. ostreatus on coffee husks supplemented with 12.7 mg/kg selenium, 44.2% on that without the supplementation , and 39.5% when 500 mg/kg lithium was added to the Table 3 . Aroma and flavor characteristics of Pleurotus ostreatus mushrooms cultivated on sugarcane bagasse and soybean fiber supplemented with different iron concentrations. *The substrate naturally contains 22 mg/kg of iron besides the added amounts; **The seven-point scale represents: 0 = none; 1 = detectable 2 = very light; 3 = light; 4 = light to moderate; 5 = moderate; 6 = moderate-strong; 7 = strong.
Added Fe (mg/kg)* Characteristics** Aroma Flavor  Global  Sulfur  Global  Umami  Bitter  Metallic  0  6  0  3  0  0  0  100  6  2  5  2  0  0  200  6  4  4  2  3  0  300  6  5  4  3  3  2  400  4  6  4  3  2  3  500  5  6  3  4  3  3 substrate . In G. lucidum, cultivated on sunflower seed hulls and barley, there was an increase of BE with the addition of 100 mg/kg copper (Matute et al., 2011) .
Our results showed that the iron bioaccumulation in the mushroom reduce (P ≤ 0.05) the mushroom production. Vieira et al. (2013) reported that the addition of ferrous sulfate (0.8 mg/kg) to the coffee husk did not affect (P ≤ 0.05) the iron concentration in P. ostreatus. It indicates that the iron concentration that promotes the ion translocation in mushroom also causes a reduction in BE. Therefore, it would be relevant to analyze the economic viability of iron translocation in mushroom and whether its commercialization as an iron-rich functional food, economically off sets the reduction in mushroom production.
de , reported that lithium bioavailability in P. ostreatus increased from 27.5% (in the control) to 70.5% in the substrate supplemented with 500 mg/kg lithium. Matute et al. (2011) obtained bioavailability of 31.5 and 30.7% copper and zinc, respectively, in G. lucidum cultivated on substrate supplemented with 100 mg/kg copper and 25 mg/kg zinc. Thus, a great variability in the bioavailability was observed depending upon the supplemented mineral and the mushroom variety.
The dietary iron intake recommended for all age groups of men and postmenopausal women is 8 mg/day and for premenopausal women is 18 mg/day (Schümann et al., 2007) . Assuming that the maximum possible iron is solubilized in mushroom (293.7 mg/kg), we speculate that an adult man and a premenopausal woman could meet the daily iron intake with 27.23 and 61.28 g dried iron-enriched mushroom, respectively, which amounts to around 270 and 613 g fresh or rehydrated mushrooms. Although P. ostreatus mushrooms are an alternative iron source, its daily intake in the amounts needed to attain the required iron would not be feasible. Moreover, in animal iron sources like beef and liver, most of the iron is heminic (Fe 2+ ) and 25% is absorbed in the human intestine, in this form whereas, in non-animal iron sources like collard greens and mushroom, iron is non-heminic (Fe 3+ ) and only 5% of this form is absorbed (Schümann et al., 2007) . The lower amount of iron absorption from non-animal sources in vivo would imply an even greater amount of mushroom intake needed to obtain the recommended dietary intake.
The ferrous sulfate toxicity has been reported mainly in children and adults having prolonged intake of iron supplement (Pestaner et al., 1999) . Although iron-enriched P. ostreatus are an alternative to non-animal iron source, more promising results were obtained with the mycelium in comparison to the mushroom. Iron bioaccumulation in the mycelium was from 507 to 3616 mg/kg in culture medium enriched with 25 to 250 mg/L iron, respectively (Almeida et al., 2015) . Thus, iron bioaccumulation in the mycelia was about seven-fold higher (Almeida et al., 2015) than in P. ostreatus. Moreover, iron-enriched mycelia could be incorporated in capsules, infusions, as well as in dietary supplements. The use of mushrooms and/or mycelium enriched with iron can be particularly advantageous in vegetarian diets. Despite the health benefits that vegetarian and vegan-life style and dietary habits provide, such diets have been associated with iron deficiencies (Craig and Mangels, 2009). Waldmann et al. (2004) investigated the iron deficiency in German vegan females and concluded that, although their average iron intake was above the recommended level, 40% of them were considered iron-deficient because of its poor absorption, and therefore, iron supplements were prescribed to them.
Reduction of the mushroom antioxidant activity might be related to the electron transferring capacity of iron, which characterizes it as a potent pro-oxidant. Iron can stimulate lipid peroxidation by Fenton reaction, and can also accelerate peroxidation by decomposing lipid hydro-peroxides into peroxyl and alkoxyl radicals, which themselves generate hydrogen and perpetuate the chain reaction of lipid peroxidation (Halliwell, 1991; Chang et al., 2002) . This suggests that iron-enriched mushrooms could have an inhibiting effect on the therapeutic activity of the fungus or could even affect other biological activities.
Progressive iron addition to the substrate reduces the biological efficiency and increases the concentration of iron, ashes, and proteins in the mushrooms. The iron-enriched mushroom shows reduced antioxidant activity and enhanced taste and aroma characteristics, but the increase in iron concentration in mushroom does not affect the iron bioavailability in vitro. The present study indicates that iron-enriched mushrooms could be an alternative non-animal iron source despite being apparently economically unfeasible.
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